Abstract: This paper addresses the problem of controlling interleaved dc-dc boost converters (IBC) associated to fuel cell (FC) energy generators. The FC-IBC association is powering a, possibly unknown and time-varying, load of resistance type. Furthermore, all IBC parallel cells are not equipped with current sensors. The control objective is twofold: (i) the IBC output voltage must be tightly regulated; (ii) the total current carried by the IBC must be equally shared between the different parallel branches. The complexity of the control problem lies in: (i) the system nonlinearity and instability of system zerodynamics with respect to the output voltage; (ii) the load uncertainty; (iii) the inaccessibility to measurements of all currents. The instability of the output voltage zero-dynamics is coped by reformulating all control objectives in term of current regulation in the different converter cells. The resulting current regulation problem is dealt with by developing an adaptive output feedback controller. The latter includes a collection of adaptive current regulators and a battery of current estimators. The regulator parameter adaptation feature is resorted to compensate for the load uncertainty and variation. It is formally shown, using Lyapunov stability tools, that the proposed output feedback adaptive controller actually meets its objectives. This theoretical analysis is confirmed by numerical simulations showing that the controller enjoys additional robustness features.
INTRODUCTION
Interleaved boost converters (IBC) are composed of a number of quasi-autonomous converters, called cells, paralleled all together to create a single large converter (Fig.1) . According to the interleaving technique (Zhang et al, 1998) , the total current carried by the IBC is shared between the different cells, making possible size reduction of individual inductances and conduction power loss reduction in power components (Shin et al, 2005) . Another benefit of the interleaving technique is waveform ripple reduction due to harmonic cancellation between the different cells (GyuYeong et al, 2007) .
The problem of controlling IBCs has been considered in different contexts depending on the IBC type and the powering source nature. In (Newton et al, 2000) , boost and cuk type IBCs, powered by AC sources, have been controlled to meet power factor correction. In (Veerachary et al, 2003) , IBCs of the boost type, powered with PV cells, has been controlled to meet the MPPT requirement. In (El Fadil et al, 2009) , IBCs of the buck type, powered with DC source, have been controlled to achieve the output voltage regulation along with perfect current sharing. A common limitation in all previous works is that all states were supposed to be accessible to measurements and, in some, the load was also assumed to be known and time-invariant. The large number of the IBC cells makes it not economically effective to implement current sensors on each converter branch. Indeed, in addition to the sensors' implementation cost, the control system reliability turns out to be dependent on the number of implemented sensors. The larger the number of involved sensors, the shorter the mean time before failure (MTBF). Therefore, it is of practical interest to use state estimators (instead of physical sensors) whenever this is possible.
In this paper, the focus is made on boost IBCs, involving N parallel cells, coupled to fuel cell (FC) generators. The latter are electrochemical devices converting chemical energy into electricity. A typical nonlinear voltage/current characteristic of an FC generator is illustrated by (Fig.2) . Presently, the FC-IBC association is powering a load resistance that is not supposed to be a priori known. The control objective is to tightly regulate the IBC output voltage and ensure a perfect sharing of the total current between the N IBC cells. The output voltage is the only variable to be online measured with a sensor. The currents in the cells are not. Therefore, the control design includes a current estimator providing online estimates of all individual cell currents. On the other hand, it is checked in many places that, when considering the load voltage as the output of boost type converters, the resulting zero-dynamics are unstable (i.e. the boost converters dynamics are nonminimum phase). This is coped with by reformulating the (load voltage) control objective in term of current regulation, exploiting the fact that the zero-dynamics corresponding to each individual cell are stable. A current regulator is designed for each cell, based on the current (estimator) equations. All regulators have the same reference signal, which value is computed using power balance considerations. It turns out that the reference value is a function of the load resistance which is not a priori known and may be changing. This is coped with by designing a parameter adaptive law providing online estimates of the load. The controller thus obtained is referred to outputfeedback because it only requires online measurements of the output voltage. Interestingly, the performance analysis of the controller is performed considering a single Lyapunov function accounting for all errors (current estimation errors, parameter adaptation error, and current tracking errors). It is formally shown that the controller does meet its control objectives. This theoretical result is further confirmed by numerical simulations.
The paper is organized as follows: Section 2 is devoted to the modelling of the IBC-FC association; the controller design and analysis are performed in Sections 3; the controller performances are further illustrated by numerical simulations in Section 4.
PRESENTATION AND MODELLING OF FC-IBC SYSTEM

Description of FC-IBC system
The system under study ( Fig.1) is an association of a fuel cell (FC) and an interleaved boost converter (IBC). The latter consist of N identical boost converters (also referred to cells) paralleled to form one high power high current converter. These N converters share the total current T i supplied by the FC generator. By using interleaved PWM technique, each converter carries a current with a phase shift of ( N / 360 ) degrees. Consequently, the load current 0 i is the sum of N pulsating currents. The common load is modelled by a resistance R representing the power in the DC bus.
The ripple frequency of the total current is N times the fundamental switching frequency in each single converter. It turns out that the total current ripple is considerably reduced, compared to the current ripple in each individual converter, reducing thus the global stress on the FC generator. A typical fuel-cell I V  polarization curve is shown in Fig.2 . This shows that the FC voltage is a decreasing function of load current density. The wide range voltage variation in FC generators is due to the well established chemical causes, see e.g. (Ahmed, 2008; Hoogers, 2003) . 
FC-IBC Modeling
Consider the FC-IBC system of ( Fig.1) where: 
The above switched model involves the binary control inputs k u , and so can hardly be based upon in control design. Indeed, most control design approaches apply to systems involving continuously varying control signals (Khalil, 2003) . Therefore, the so-called average models are generally resorted whenever PWM switch converters are involved (Muhammad, 2007; Krein et al., 1990) . When the switching frequency is much greater than the maximum frequency of the circuit, the average model (2a-c) is obtained, under slow variation and small ripple, by averaging (1a-c) over each cutting period. switching period) of the corresponding instantaneous variables. To avoid multiple notations the same symbols are used for the instantaneous variables (used in (1a-b)) and their average versions (used in (2a-c)).
ADAPTIVE OUTPUT FEEDBACK CONTROLLER
In this section, the control objectives will first be formulated in Subsection 3.1. Then, an adaptive output-feedback controller will be presented and analyzed in Subsection 3.2.
Control objectives
The control objectives to be achieved are the following:
i. The load voltage o v should be tightly regulated to a given reference value d v .
ii. The total current T i carried by the IBC must be equally shared between the IBC individual cells.
As pointed out in the introduction, the zero-dynamics associated to the load voltage are shown in many places to be instable making boost power converters non-minimum phase systems (e.g. Sira-Ramirez et al, 2006) . It turns out that the voltage control objective is not achievable except for the case of constant voltage references. Then, the initial objective can be reformulated as a current control problem in each individual boost converter. On the other hand, the current sharing objective means that the same current should be carried by each individual converter. For coherency with this objective, the parallel cells are supposed be identical which entails the following equalities. The point is that the load resistance R cannot be assumed to be a priori known as it usually changes in practice. Therefore, a current reference estimate is considered i.e. where R denotes an online load resistance estimate provided by an adaptive law yet to be determined.
Adaptive Output-Feedback Controller Design
Now, one seeks an adaptive controller that regulates well all currents k i to their common reference value d iˆ given by (6) and provides an accurate estimate of R , (specifically an estimate that satisfies 0 ) (
. The point is that, the currents are presently not accessible to measurements. Therefore, the controller design is based on the following estimator form of (2b):
Comparing (7) and (2b), current estimation error,
which clearly shows that k ĩ is globally and exponentially vanishing. That is, the estimator form equations (7) can actually be based on to obtain current regulators able to drive the tracking errors
to the origin. First, the trajectory of k e is determined by just deriving with respect to time and using (7):
This suggests the following law:
Indeed, combining (12) and (11) 
The above equations show an interaction with (13) and (9) which describe the trajectories of the errors 
V is a positive definite function of ) , , , (
. Its derivative along the trajectories of the errors is: 
In the light of the above inequality, it is seen that the design parameters must be chosen as follows:
and 
which shows that V  is negative semi-definite. This completes the control design task. The adaptive controller thus obtained is constituted of the current estimators (7), the control law (12) with arbitrary gain 0 1  k , and parameter adaptation law (15-16) where the adaptation gains given by (24-25). For convenience, the adaptive controller is summarized in Table 1   Table 1 . Adaptive Output-Feedback Controller 
The closed-loop control performances are described in the next theorem which constitutes the main result. 
, are all asymptotically vanishing. Indeed, one has from (8) and (10), that,
, by Theorem 1
SIMULATION RESULTS
In this section, the performances of the adaptive output feedback controller of Table 1 are illustrated by simulation. The controlled FC-IBC includes an FC generator with the characteristic of Fig. 2 while the IBC circuit involves 3 parallel boost converters with the characteristics of The unknown load is subject to a series of step changes. Owing to the controller, it has already been noticed that, the control action k  represents the PWM duty cycle and so it is physically limited to the interval 1 0   k  . The point is that the control law (28) may, in transient periods, yields values outside that interval. This issue is practically coped with by implementing the saturated version of (28) 
In summary, the implemented controller is that of Table 1 where equations (38-39) are substituted to (28). The involved parameters are given the following values, which proved to be convenient:
The above values have been selected using simulation-based trial-and-error rule, bearing in mind the considerations described by (31-32). The numerical simulation is performed using MATLAB/SIMULINK. The simulated control system is sketched by Fig.3 Two tests are realized to demonstrate the proposed adaptive controller performances. In the first test, output voltage reference is made time-varying while the unknown load is kept constant (Fig. 4-7) . In the second, the voltage reference is maintained constant whereas the unknown load is made varying (Fig. 8-9 ). Fig. 4 shows that the cells currents are well estimated and the total current is equally shared between the tree cells. This result is confirmed by Fig. 5 where the tree duty-cycle inputs take the same value. Fig. 6 and Fig. 8 illustrate the ability of the adaptive controller in tracking desired reference despite variation in load resistance. Finally fig. 7 and Fig. 8 show that load resistance is well identified 
CONCLUSIONS
In this paper we have designed an adaptive output feedback control for interleaved boost converter fed by a fuel cell generator. This control meets the objectives assigned. The voltage output tracks the desired reference instead of variation in unknown load and the total current is well shared by the parallel boost converters. As this is usually the case in power converter control, the theoretical analysis (presently consisting of Theorem 1) has ignored the nonlinear effect related to the practical control limitation (33-34). The latter entails an increase in the controller complexity making its performance analysis much harder. The extension of the analysis to account for that limitation represents an interesting research perspective.
